Abstract: Synthesizing hyperbranched polyurethanes in a one step process using commercially available raw materials: these were the primary conditions for this work. By taking advantage of intramolecular reactivity differences of isocyanate groups in diisocyanates in combination with reactivity differences of OH and NH groups in alkanolamines, it is possible to generate in situ AB 2 molecules by controlling reactions of specific functional groups towards each other. This AA* + B*B 2 approach works without protecting groups and opens up a simple and versatile strategy towards hyperbranched aromatic as well as aliphatic polyureaurethanes. Preferential diisocyanates for this synthesis were 2,4-toluylene diisocyanate and isophorone diisocyanate, whereas diethanolamine and diisopropanolamine were used as isocyanate-reactive counterparts.
Introduction
Since about ten years, hyperbranched architectures are well known for many types of polymers, but in the field of polyurethane chemistry there are only a few publications dealing with this special field of macromolecular design. Hyperbranched polyurethanes can be synthesized in principle by two different strategies: the phosgene route via classical isocyanate chemistry and phosgene free approaches. Both synthetic routes were first described in 1993 independently: Spindler and Fréchet [1] used tailor-made AB 2 monomers with one hydroxy group and two blocked isocyanate groups while Kumar and Ramakrishnan [2] chose a Curtius-type rearrangement of dihydroxybenzoylazide for a one-pot synthesis towards hyperbranched polyurethanes. Up to now, these two pathways, the phosgene or phosgene substitute based approach [3, 4] and the phosgene free preparation [5, 6] are coexisting independently.
In our approach we used readily available polyurethane raw materials instead of tailor-made monomers, taking advantage of intramolecular reactivity differences in the participating monomers. Due to this fact, selective reactions between specific functional groups can take place, imperative of a defined construction of hyper-1 branched polymers. This strategy, working without any protection of specific functional groups, opens up flexibility in synthesis and variability in structure/property relationships, for it allows to choose aliphatic as well as aromatic monomers [7, 8] .
Polymer synthesis
AB 2 structures are the essential building blocks for the construction of dendritic or hyperbranched polymers. In the case of polyurethanes, AB 2 structures containing free NCO and OH groups within the same molecule are labile under normal conditions because isocyanate and alcohol groups are highly reactivity towards each other. The introduction of blocking groups, either for isocyanate or for hydroxyl groups is obvious and well known from literature, but will require additional and often time consuming reaction steps. So our intention was to synthesize hyperbranched structures by means of an AA* + B*B 2 approach, using commercially available aromatic or aliphatic diisocyanates and trifunctional isocyanate reactive compounds as counterparts. To ensure reaction control and to get influence on the molecular construction of the corresponding polymer, diisocyanates with intramolecular reactivity differences of the NCO groups relating to their reaction to OH groups were used as AA* components. Diisocyanates of choice were 2,4-toluylene diisocyanate (TDI, 1), with its NCO group in 4-position showing a reactivity up to 70 times higher than that of the NCO group in 2-position [9, 10] . As an aliphatic diisocyanate, isophorone diisocyanate (IPDI, 2) was used, where the reactivities of the primary and the secondary NCO group in the urethane reaction differ up to a factor of 10 depending on reaction conditions and catalysis [11] [12] [13] [14] .
Further on, alkanolamines, e.g., diethanolamine (DEA, 3) and diisopropanolamine (DIPA, 4), were used as B*B 2 counterparts for the diisocyanates, because NH groups are known to be by far more reactive in isocyanate addition compared to OH groups. Calculations via density functional theory have shown that the reactivities of NH and OH groups in isocyanate addition differ drastically: calculating the reaction of diethanolamine with TDI and with IPDI at a temperature of 0°C, the ratios of reactivity constants for urea and urethane formation were about 150 in the case of IPDI (2) and about 15 000 in the case of TDI (1) in favour of the NH / NCO reaction [15] . Using these readily available AA* and B*B 2 building blocks, displaying intramolecular reactivity differences towards the counterpart, we were able to synthesize hyperbranched polyurea-urethanes in a one-pot synthesis without using protective groups.
In the first synthetic step the diisocyanate (AA*) and the aminodiol (B*B 2 ) are reacting at temperatures below 5°C without any catalyst. Under these conditions only the NH group is reactive towards isocyanate. According to Fig. 1 , the NCO group with higher reactivity (A*) reacts with the amino group (B*), whereas the OH groups (B) and the remaining NCO-group (A) are non-reactive. This first synthetic step generates a 'pseudo AB 2 -molecule', which is sufficiently stable at low temperatures.
In the second reaction step, temperature was elevated to 50 -60°C and catalyst was added optionally to maintain the urethane reaction. We limited the reaction temperature to 60°C because higher reaction temperatures promote side reactions, like allophanate or biuret formation, and the probability of crosslinking and network formation grows. The proceeding urethane reaction and the increase of molar mass correspond to a decrease of the content of free NCO groups, which was monitored by titration of the mixture during reaction. After the desired molar mass was reached, the isocyanate-reactive monomer B*B 2 was added to stop the reaction by elimination of the remaining focal NCO groups. 
Results and discussion
The hyperbranched polymers obtained were white powders with glass transition temperatures between 66 and 116°C, and they were analyzed without further purification or fractionation. The solubilities of these OH-terminated products were very good in polar solvents like methanol, ethanol, dimethylformamide or dimethylacetamide. The aliphatic types were also soluble in semi-polar solvents like tetrahydrofuran (THF) or ethyl acetate. The drying of the polymers, however, had to take place in vacuum and at elevated temperatures, because their affinity to water and to solvent molecules was very strong. In case of incomplete drying, much lower glass transition temperatures (T g ) were observed.
Polymer characterization was made via gel permeation chromatography (GPC) using poly(methyl methacrylate) (PMMA) as standard (see also Fig. 2 ) and via NMR methods. The NMR signals are not included in this publication, because the assignment of the signals performed complicated. Thorough NMR analysis of the hyperbranched polyurea-urethanes is one topic of our current work and will be published soon. Molar mass distribution was determined via MALDI-TOF mass spectroscopy. It has to be kept in mind that MALDI-TOF MS of polymers with high molecular weight and/or polydispersities of about 1.5 and higher will not display the molar mass distribution correctly. Low molecular weight molecules as well as cyclic compounds are showing higher volatility or ionizability compared to higher molecular weight species so that the low molecular weight part of the molecular distribution is overestimated [16] . Nevertheless MALDI MS in general allows a distinct determination of the oligomers in the low mass range.
In the case of characterization of our hyperbranched polyurea-urethanes we were able to record mass spectra up to 2100 -2400 m/z. In Fig. 3 a 'molecular fingerprint' of the hyperbranched polymers 5 -8 is displayed. The molar mass distribution shows two different types of molecular families: the first type, marked with a star, is characterized by an odd ratio of isocyanate and alkanolamine (e.g., 1 TDI / 2 DEA, 2 TDI / 3 DEA, etc., cf. Fig. 2 ). These molecules were formed by the regular growth of the hyperbranched polymer, stopped by the final addition of dialkanolamine at the focal NCO group. The second polymer type, marked with a circle, showed an even ratio of isocyanate and alkanolamine. IR spectroscopy gave no indication of the characteristic and very strong NCO vibration around 2280 cm -1 in these polymers, so the presence of isocyanate-terminated molecules can be excluded. Our explanation for this 'even' effect is the formation of cyclic compounds, because cyclization reaction in these highly reactive systems always competes with the linear growth of the polymer. The cyclization could take place by intramolecular reaction of the focal NCO group with any OH group in the molecule, so the chain lenghts of these cycles should differ in a broad range. Cyclization could also take place in the beginning of polymer formation, caused by small amounts of diisocyanate molecules surviving the AB 2 formation.
The masses of the species, calculated by addition of the monomer molecular weights (see Tab. 
Experimental part

Materials
All reactions were carried out under dry nitrogen atmosphere. All solvents were dried and distilled prior to use by standard technologies.
2,4-Toluylene diisocyanate (1, 95% purity, Fluka) and isophorone diisocyanate (2, Vestanat  IPDI from Degussa/Hüls, Germany) were used without further purification.
Dibutylamine (>99% purity, Riedel-de Haen), diethanolamine (3) and diisopropanolamine (4) are trade products of BASF Aktiengesellschaft (Germany) and were used without purification. Dithranol (MALDI-TOF matrix material, > 97 % purity) was purchased from Aldrich, dibutyltin dilaurate (> 97% purity) from Merck-Schuchard.
Measurements
Differential scanning calorimetry (DSC) measurements were performed with a TA Instruments DC 2010 in standard aluminium pans with a heating rate of 10 K/min. T g was measured in the second run.
GPC molecular weight analysis was performed at 25°C with a Phenomenex 4-column combination of 2 x 1000 Å and 2 x 10000 Å with 5 µm mesh and an ERC 64 A pump with dimethylacetamide + 0.5 wt.-% tetrabutylammonium bromide as mobile phase. Calibration was made versus PMMA as standard; detection was performed via the refractive index.
Matrix assisted laser desorption ionization (MALDI) mass spectra [16] [17] [18] were recorded on a Bruker Biflex III instrument (Bruker Daltonics GmbH, Bremen) equipped with a reflectron analyzer. Reflectron voltage used was 19.5 kV. Samples and the matrix dithranol (1,8,9-trihydroxyanthracene) were dissolved in dimethylacetamide (DMAc) with 10 g/L analyte concentration and 20 g/L matrix concentration. About 30 µL of each solution were mixed in a 1:1 ratio; 1 µL of the mixture was spotted onto the MALDI stainless steel target. As cationizing agent potassium trifluoroacetate was used.
Titration of NCO value of the polymers was performed by a Metrohm Titroprocessor 682, equipped with the combination electrode No. 6.0202.100 according to the following procedure: 1.5 -2 g of the NCO group containing polymer [polymer (g)] was charged into a 150 mL beaker and 20 mL of a 1 mol/L solution of dibutylamine in chlorobenzene was added. The mixture was stirred until the polymer was completely dissolved. Then 80 mL of methanol and one drop of a solution of 1 wt.-% bromophenol blue in ethanol as control agent were added. The titration was then carried out by the titroprocessor, adding a 1 mol/L aqueous hydrochloric acid solution to the mixture until the equivalence point was reached (mL HCl). After that, a blank titration was performed by the same procedure but without addition of polymer (mL blank titration). The NCO value of the polymer was calculated via Eq. (1):
NCO value (in wt.-%) = ((mL blank titration) -(mL HCl)) · 4.2 / Polymer (g)
Synthesis of hyperbranched polymer 5 from 2,4-toluylene diisocyanate (1) and diethanolamine (3)
A three-necked flask equipped with stirring bar, dropping funnel and gas inlet pipe was charged with 87 g (0.5 mol) of 1 and 174 g dry dimethylacetamide (DMAc) while dry nitrogen was bubbled through the liquid. The solution was cooled down to -5°C and 52.5 g (0.5 mol) of 3 in 105 g dry DMAc was added within 30 min so that the temperature did not exceed 0°C. The mixture was stirred for 30 min at 0°C, then the temperature was elevated to 50°C and the NCO value was monitored via titration while the polymerization proceeded. At an NCO value of 0.40 wt.-%, 3.9 g of 3, diluted with 7.8 g DMAc, were added and the reaction mixture was allowed to react for another 30 min at 50°C. After the reaction was completed, DMAc was removed at 80°C and 3 mbar in a rotary evaporator. The product was then dried in a drying pistol at 80°C and 0.1 mbar.
M n calc. = 3755, DP = 13.5. GPC: M n = 6800, M w = 23500, PD = 3.46; cf. also Fig. 2 Fig. 3 .
Synthesis of hyperbranched polymer 6 from 2,4-toluylene diisocyanate (1) and diisopropanolamine (4)
A three-necked flask equipped with stirring bar, dropping funnel and gas inlet pipe was charged with 87 g (0.5 mol) of 1 and 174 g dry DMAc while dry nitrogen was bubbled through the liquid. Then the solution was cooled down to 0°C and 66.5 g (0.5 mol) of 4 in 133 g dry DMAc was added within 30 min so that the temperature did not exceed 5°C. The mixture was stirred for 30 min at 0 -5°C, then the temperature was elevated to 50°C and the NCO value was monitored via titration while the polymerization proceeded. At an NCO value of 0.25 wt.-%, 3.0 g of 4, diluted with 6.0 g DMAc, were added and the reaction mixture was allowed to react for another 30 min at 50°C. After the reaction was completed, DMAc was removed at 80°C and 3 mbar in a rotary evaporator. The product was then dried in a drying pistol at 80°C and 0.1 mbar.
M n calc. = 5600, DP = 18.2. GPC: M n = 6600, M w = 25000, PD = 3.79; cf. also Fig. 2 Fig. 3 .
Synthesis of hyperbranched polymer 7 from isophorone diisocyanate (2) and diethanolamine (3)
A three-necked flask equipped with stirring bar, dropping funnel and gas inlet pipe was charged with 111 g (0.5 mol) of 2 and 222 g dry DMAc while dry nitrogen was bubbled through the liquid. Then the solution was cooled down to -5°C and 52.5 g (0.5 mol) of 3 in 105 g dry DMAc was added within 30 min so that the temperature did not exceed 0°C. The mixture was stirred for 30 min at 0 -5°C, then 0.05 g dibutyltin dilaurate, dissolved in 5 mL DMAc, was added and the temperature was elevated to 50°C. The NCO value was monitored via titration while the polymerization proceeded. At an NCO value of 0.42 wt.-%, 4.0 g of 3, diluted with 8.0 g DMAc, were added and the reaction mixture was allowed to react for another 30 min at 60°C. After the reaction was completed, DMAc was removed at 80°C and 3 mbar in a rotary evaporator. The product was then dried in a drying pistol at 80°C and 0.1 mbar.
M n calc. = 3330, DP = 10.2. GPC: M n = 8700, M w = 34400, PD = 3.95; cf. also Fig. 2 Fig. 3 .
Synthesis of hyperbranched polymer 8 from isophorone diisocyanate (2) and diisopropanolamine (4)
A three-necked flask equipped with stirring bar, dropping funnel and gas inlet pipe was charged with 111 g (0.5 mol) of 2 and 222 g dry THF while dry nitrogen was bubbled through the liquid. Then the solution was cooled down to 0°C and 66.5 g (0.5 mol) of 4 in 133 g dry THF was added within 30 min so that the temperature did not exceed 5°C. The mixture was stirred for 30 min at 0 -5°C, then 0.05 g dibutyltin dilaurate, dissolved in 5 mL THF, was added and the temperature was elevated to 60°C. The NCO value was monitored via titration while polymerization proceeded. At an NCO value of 0.30 wt.-%, 5.6 g of 4, diluted with 11,2 g THF, were added and the reaction mixture was allowed to react for another 30 min at 60°C. After the reaction was completed, THF was removed at 80°C and 5 mbar in a rotary evaporator. The product was then dried in a drying pistol at 80°C and 0.1 mbar.
M n calc. = 4666, DP = 13.1. GPC: M n = 4700, M w = 12100, PD = 2.57; cf. also Fig. 2 . 
Conclusions
A simple one-pot synthesis for hyperbranched polyurea-urethanes has been described. The resulting polymers were characterized without purification by GPC, DSC and MALDI-TOF measurements. Closer characterization of the structures by NMR techniques, e.g., the distribution of linear, dendritic and terminal units, will be published soon. Further attempts by mass spectroscopic characterization of GPC fractions and the use of MS/MS techniques, like post-source decay (PSD) measurements, shall additionally clarify the structures of the polymers. Hyperbranched polyurea-urethanes are tested currently as crosslinkers in coatings formulations.
